Introduction
The geology of the Great Smoky Mountain National Park region of Tennessee and North Carolina was studied from 1993 to 2003 as part of a cooperative investigation with the National Park Service (NPS). This 1:100,000-scale map is compiled from detailed mapping at 1:24,000 scale.
This preliminary surficial geologic data and map supports cooperative investigations with NPS, the U.S. Natural Resource Conservation Service, and the All Taxa Biodiversity Inventory (http://www.dlia.org/) (Southworth, 2001) . Although the focus of our work was within the Park, the geology of the surrounding area is provided for regional context. Surficial deposits document the most recent part of the geologic history of this part of the western Blue Ridge and eastern Tennessee Valley of the Valley and Ridge Province of the Southern Appalachians. Additionally, there is great variety of surficial materials, which directly affect the different types of soil and associated flora and fauna. The surficial deposits accumulated over millions of years under varied climatic conditions during the Cenozoic era and resulted from a composite of geologic processes.
Tennessee Valley section (Great Valley) of the Valley and Ridge Province (in the northwest). The regional drainage is westward to the Tennessee River and the Gulf of Mexico. The distribution and types of surficial deposits closely correspond to the physiographic provinces and bedrock (fig.3 ).
The mountains of the region rise more than 4600 ft (1500 m) above adjacent valley floors with significant local relief of slopes in places reaching 18 to 28 degrees.
Mean annual rainfall ranges from 65 to 98 inches (165 to 250 cm), making the area a temperate rainforest. Slopes are mostly covered with soil and residuum as much as 6 to 32 ft (2 to10 m) deep; the heavy vegetation cover makes the slopes rather stable. The lowlands and coves were clear cut to support agriculture during early settlement of the 1800's.
Western Blue Ridge Province

Highlands Section
The western Blue Ridge Province consists of 2 sections, the highlands and the foothills. The highlands section is predominantly underlain by coarse metasedimentary rocks of the Neoproterozoic Great Smoky Group, followed by Mesoproterozoic gneiss, and lesser metasedimentary rocks of the Neoproterozoic Snowbird Group (King and others, 1968) . The area has steep topography with relief ranging from about 1000 ft along the Little Tennessee River, to about 6643 ft on Clingmans Dome (305 to 2025 m). It is characterized by coarse slope material deposited as fans and coarse alluvium in upper drainages.
Foothills Section
The foothills section is northwest of the highlands and is characterized by rolling hills with relief ranging from about 800 ft along the Little Tennessee River to about 3069 ft on Chilhowee Mountain and 4077 ft on Cove Mountain (244 to 1243 m). In part, faults form the boundary between the highlands and foothills sections, and coves, developed in the tectonic windows of the Great Smoky thrust fault, occur near the boundary. The bedrock of the foothills is predominantly fine-to coarse-grained metasedimentary rocks of the Neoproterozoic Walden Creek Group, fine-grained metasedimentary rocks of the Neoproterozoic Snowbird Group, lower Cambrian sandstone of the Chilhowee Group, Ordovician Jonesboro Limestone, and minor metasandstone of the Great Smoky Group.
The coarse-grained and quartzose rocks hold up the high knobs, such as Webb Mountain, Shields Mountain, Green Mountain, and Chilhowee Mountain, whereas the carbonates and siltstones underlie the valleys and coves. Surficial deposits include debris deposits in the coves underlain by carbonate rock, and fan deposits along the northwest-facing outcrop slope of Chilhowee Mountain. Alluvium and terraces are better developed than in the highlands and there are few bouldery debris deposits. Karst features such as sinkholes, caves, and residuum occur in the coves and valleys underlain by limestone.
Eastern Blue Ridge Province
The southeastern part of the study area is in the western part of the eastern Blue Ridge Province. It is underlain by gneiss and schist, and has rugged topography like the adjacent western Blue Ridge province. The dominant surficial deposits are debris fans concentrated in hollows along the lower slope.
Tennessee Valley of the Valley and Ridge Province
The eastern part of the Tennessee Valley of the Valley and Ridge is underlain by Ordovician limestone and thin siliciclastic rocks interbedded with limestone. The sandy and shaly beds underlie linear hills with relief ranging from about 900 ft to 1400 ft (274 to 427 m) on Bays Mountain. The dominant surficial deposits are broad alluvial flood plains, fluvial terraces, and local areas of residuum. Sinkholes also are common.
Surficial Deposits Introduction
The surficial geology in the Great Smoky Mountains National Park region of Tennessee and North Carolina consist of three main types (Hadley and Goldsmith, 1963; King, 1964; Neuman and Nelson, 1965) 
Fluvial deposits and landforms
Fluvial deposits and landforms include alluvium (Qa and Qac) underlying valleys and modern flood plains, bedrock terraces or strath terraces with or without associated alluvial deposits (Qt), and upper level strath terraces with, or without, alluvial deposits (QTt) ( fig.12 ).
Alluvium
Alluvium (Qa) consists of unconsolidated deposits of stratified silt, sand, gravel, and cobbles as much as 20 feet (6 m) thick that has been transported and deposited by running water. Alluvium is typically exposed along the banks where incised by creeks and rivers ( fig.13 ) and in road cuts. The large valleys in areas like Cades Cove, Tuckaleechee Cove, and Wear Cove (west central part of the map), are broad alluvial plains that are not inundated by modern floods. Larger drainages like the Little River, West Prong of the Little Pigeon River, Oconaluftee River, Tuckasegee River, and Jonathon Creek have narrow flood plains that are subject to high-water floods and deposition of alluvium. Most rivers at lower elevation occupy broad valleys. Extensive alluvium was deposited here in the past, but modern streams incise the alluvium and expose bedrock. The particle size of alluvium is a function of the parent bedrock and how far the material has been transported. Erosion-resistant, silica-rich bedrock produce abundant boulders and cobbles ( fig. 14) , whereas finer-grained bedrock units produce mostly silt and clay. Although alluvium (Qa) is ubiquitous on the map, its volume is not great.
One of the most characteristic features of the Great Smoky Mountains National
Park region are creeks, streams, and rivers containing very coarse alluvium ( fig.15 A-D).
Coarse alluvium (Qac) occurs along drainages within the Blue Ridge highlands and consists of boulders of metasandstone and metaconglomerate as much as 33 ft (10 m) across. Boulders as much as 5 ft (16 m) across are actively transported during modern storms (Moneymaker, 1939; King, 1964) . The size and abundance of boulders is a function of the local bedrock source. The predominant type of boulder is derived from massive, thick bedded, coarse metasandstone of the Thunderhead Sandstone, and they are blocky. Well-foliated biotite gneiss forms rectangular slabs of coarse alluvium in "The Gorge" of Raven Fork , above Big Cove, NC.
Previous workers referred to these deposits as alluvium or coarse bouldery alluvium (King, 1964) . Much of the coarse alluvium is a lag deposit of preexisting material in a debris fan from which the fines have been removed as modern drainages incise into it. They are the product of modern erosion of a relict deposit. Coarse alluvium occurs in the upper reaches of Hazel Creek, Little River, Little Pigeon River, Big Creek, Oconaluftee River, Cataloochee Creek, and Straight Fork. Some areas of coarse alluvium have broad flood plains with fine alluvium preserved on top, as is the case at Rough Fork of Cataloochee Creek ( fig. 16 ) and at the Pioneer Village at the Oconaluftee Visitor Center.
Terraces
Terraces (Qt) are underlain by benches, called straths, that are cut by rivers into bedrock and are comprised of unconsolidated sand, gravel, and cobbles ( fig. 18 ). Terraces range from 10 to 120 ft (3 to 36 m) above modern water levels in the study area ( fig. 17 ).
The majority of clasts consist of resistant quartz-rich rocks that are in a fine-grained matrix of silt and clay. Terrace deposits are well developed along the Tuckasegee River 
Landforms and deposits of physiochemical weathering
Introduction
The physical and chemical weathering of rocks and minerals contributed greatly to the landscape evolution of the Great Smoky Mountains region, over several tens of millions of years under different climatic regimes. All rocks of the region are chemically weathered and saprolite and (or) residuum that is highly oxidized (red) and leached (yellow) is common. With the exception of isolated outcrops of bedrock, the majority of the landscape is underlain by saprolite, residuum, and(or) surficial deposits that commonly contains recycled residuum. Residuum mantles much of the area, but only a few deposits are shown on the map because it is difficult to recognize. Hamilton (1961) and King (1964) noted extensive residuum and saprolite as much as 100 ft ( 30 m) thick in the foothills, and Hadley and Goldsmith (1963) described residuum of highly variable thickness as much as 100 ft ( 30 m) thick on the mountain, which became exposed during construction of the Blue Ridge Parkway.
Where contacts are exposed, residuum is found unconformably overlain by colluvium, debris, and alluvium. This residuum may form in situ beneath the overlying deposit or it may have developed during a climate different from today. Hadley and Goldsmith (1963) noted that residuum on upper slopes was unconformably overlain by debris, whereas close to base level streams in the valleys debris was unconformably above fresh bedrock. They suggested that the matrix of debris was recycled residuum.
This suggests that the earlier landscape of the Great Smoky Mountains was dominated by the production of residuum and saprolite during climate that was a warmer and more humid than now. The saprolite and residuum was eroded and recycled into a variety of surficial deposits. Currently these deposits are eroding to form the present landscape.
Karst
The carbonate rocks exposed in Tennessee are soluble in groundwater, forming caverns and sinkholes ( fig.22 ). Minerals resistant to solution in the limestone and dolomite, such as quartz and chert, remain as lag deposits in the clay-rich residual matrix 
Residuum
Accumulations of subrounded to angular cobbles and boulders of quartz and chert that was originally in veins or beds of limestone or dolomite is mapped as residuum (QTr). These silica minerals are very resistant to erosion and remain as a lag deposit in clay-rich terra rosa as the carbonate rock chemically disintegrates. Small deposits with small quartz and chert clasts are locally preserved in road cuts in Tuckeelachee Cove (see fig. 23 ), and on the tops of small knobs in fields near Cosby. In Tuckaleechee Cove north of Townsend at elev. 1200 ft (366 m), residuum contains limonite concretions.
Similar residuum with concretions of iron and manganese oxides were prospected in Cades Cove (Southworth and others, 1999) , Tuckaleechee and Wear Coves (King, 1964) , and in the foothills underlain by limestone of the Walden Creek Group (Hamilton, 1961) .
Accumulations of cobbles and boulders of jasper are mapped as residuum locally in the Cambrian Shady Dolomite in the valleys near Walland ( fig. 29 ). Neuman and Nelson (1965) suggests that the jasper is a residual precipitate from the percolation of water derived from the overlying silica-rich slope material. If this interpretation is correct, the jasper residuum is a very old deposit from a climate that favored the development of laterites. Similar laterite deposits of bauxite, kaolinite, and lignite in the Appalachians may be Late Cretaceous in age (Pierce, 1965; Hack, 1979) .
Areally extensive gravel deposits as much as 40 ft (12 m 2) colluvium in hollows on slopes below bedrock escarpments, on side slopes above valley bottoms, and depressions on the upper slopes of the highlands, and 3) coarse boulder debris that forms broad, gently-sloping fans on the lower slopes.
Although some debris flows and colluvium form today, debris fans are relict deposits of a former time and climate.
Debris Flows
Debris flows (Qdf) are a type of landslide that are common in the highlands north of Newfound Gap, along the Boulevard Trail, and along the Appalachian Trail from Charlies Bunion to Laurel Top. Debris flows consist of bedrock, soil, and vegetation that fails catastrophically and moves rapidly down slope, usually incorporating more material as they move. The debris flows occur on steep mountain slopes (35 to 44 degrees; Bogucki, 1970; underlain by soil and regolith that generally is less than a meter thick developed in slate of the Anakeesta Formation. Bogucki (1970 Bogucki ( , 1976 ) suggests a strong relationship between many chute-facing directions and compositional layering in the Anakeesta Formation. The head of some debris flow scars have very narrow "V"-shaped ravines that are called wedge-failures (Moore, 1986) . The "V"-shape forms at the intersection of cleavage and joints or cleavage and beds. Elsewhere, the flows originate on very steep slopes as small slips on the cleavage or bedding plane. Debris flows in the study area have occurred as a result of prolonged rainfall events in 1938 (Moneymaker, 1939; Koch, 1974 ), 1940 (USGS, 1949 ), and 1942 , 1943 , 1951 , 1956 , 1967 , 1971 , 1975 , 1984 , and 1993 (Bogucki, 1970 , and 1976 Clark, 1987; Schultz and others, 2000) .
Water-logged soil and regolith usually fails when large trees topple and begin moving down very steep slopes. Initially, a very small amount of material breaks free. These slope failures are a major geomorphic agent that form the steep craggy summits in the central part of the park (fig. 33 ). The map mostly shows scars of historical debris flows Rock slides, slumps, and smaller landslides are common along road embankments that have been cut into inclined bedrock and(or) unconsolidated soil and debris. These landslides and rock falls are very common along the Foothills Parkway where sandstone and quartzite beds dip into the road, along steep roadcuts around Gatlinburg, and elsewhere in the map area ( fig.38 ). These features are not depicted on the map.
Colluvium
Colluvium (Qc) includes talus, boulder streams, boulder fields, and transported boulder regolith, consisting of cobbles and boulders derived from weathering of bedrock on the upper slopes and hollows of the highlands Talus continues to form today below steep bedrock escarpments (see fig. 5 ). Boulders are typically 3 to 10 ft ( 1 to 3 m) long, but can be as much as 50 ft (15 m) long (King, 1964) . On the surface of the colluvial deposits, large boulders abut one another and are oriented randomly. Many boulder streams and boulder fields probably formed in periglacial environments during the Pleistocene (Delcourt and Delcourt, 1985) . However, recent boulder talus merges down slope with older deposits (fig. 39 ). In boulder streams and boulder fields, gravity, solifluction, freeze-thaw, ice-wedging, and ice rafting probably contributed to downslope movement (Clark and Ciolkosz, 1988) . Boulder deposits contain little or no soil, sand, or clay matrix, thus they do not support much vegetation. In some cases, they are free from any vegetation (see fig. 5 ). They have internal, underground drainage, but intermittent streams periodically flow on and through them and modify the existing deposit ( fig. 40 ).
Individual boulders may be covered with moss and (or) lichen ( fig. 41 ), which suggests that they are relatively stable. There is no direct evidence of recent movement in these deposits, only minor bent trees ( fig. 42 ), but movement may be so little and so slow that instrumentation is required to measure it. Although colluvium and talus is being produced today, the majority of the mapped deposits are relicts of an earlier (Pleistocene) cold, periglacial climate. Areas of bedrock cliffs near waterfalls, like Rainbow Falls, Grottoe Falls, and Buckeye Cove ( fig. 43 ), have blocks of metasandstone that have detached along bedding planes and joints from the cliff. Below and downslope of the escarpments are fresh piles of jumbled blocks of metasandstone. In other areas the production and local transport of colluvium may be more dynamic. Moneymaker (1939) and Hamilton (1961) describe a cloud burst in 1938 on Webb Mountain, TN, that caused debris flows that stripped colluvium from the upper slopes to expose bedrock. When Hamilton visited the site in 1952, the upper slopes were filled again with colluvium of sandstone derived from the higher slope.
Some colluvium seems unrelated to modern topography. It fills swales on ridges (King, 1964) and noses of slopes. These suggest processes similar to those described by Mills (1981) . Road excavations reveal steep angular unconformities of colluvium on bedrock residuum that are perpendicular to modern slopes ( fig. 44 ). This suggests that colluvium has been produced through time in a variety of settings, much like residuum and debris fans.
Colluvium was mapped mostly in the upland hollows where it predominantly consists of coarse metasandstone of the Great Smoky Group. Many of the Beech Gaps exposed along the road to Clingmans Dome contain colluvium although it is largely vegetated (see fig. 6 ). Colluvium occurs on all hard rock units including the clastic rocks of the foothills, especially on Chilhowee Mountain ( fig. 45 ) and Green Mountain, as well as on quartzose gneiss in the eastern highlands. However, these deposits are not as large nor are they as extensive as the ones developed in the Great Smoky Group rocks in the highlands.
Debris fans
Both fan-shaped and irregular sheet-like accumulations of debris constitute the dominant and most prominent Cenozoic deposit on the middle and lower elevations in the unglaciated highlands of the Appalachians (Mills, 2000a; 2000b) , and they characterize a significant portion of the landscape of the Great Smoky Mountains and Blue Ridge Province. The debris fans are very poorly sorted deposits of mostly matrix-supported diamicton, consisting of boulders and cobbles in a fine-grained matrix of sand, silt, and clay. Debris fan deposits are classified according to the dominant lithology, size of the clasts, and the matrix material. These units will be referred to herein by modifiers, such as gneiss debris fans rather than debris of gneiss that forms fan-shaped deposits.
Additionally, the size, shape, and topographic setting of the debris fans are distinctive.
Examples include fans of gneiss debris near Dellwood and Hazelwood, NC (Mills and Allison, 1994) , fans of metasandstone boulder debris near Gatlinburg, TN (Schultz, 1998) , fans of fine metasandstone above carbonate rocks (Southworth and others, 1999) , Early settlers modified the deposits as land was cleared for pasture; evidence includes piles, terraces, and fence lines of boulders (see fig. 19 ). Lateral migration of streams, and stream capture, are the dominant secondary processes that contribute to the present patchwork assemblage of deposits on any given fan. The many hardwood cove forests of the area are established on this unit due to rich soil and abundant moisture.
Debris fans are thought to have formed through several different processes.
Earlier workers called the deposits colluvium (Hamilton, 1961; Hadley and Goldsmith, 1963; Neuman and Nelson, 1965) , bouldery alluvial deposits (Hadley and Goldsmith, 1963) , and coarse bouldery alluvium in Piedmont coves (King, 1964) . Today, deposits dominated by debris-flow processes are often called debris fans, and those deposits dominated by fluvial processes are called alluvial fans (Mills, 2000b) . It is probable that a combination of processes created the fans in the Great Smoky Mountains. Debris flows were common during Pleistocene glacial/interglacial transitions as warm and cold cycles fluctuated and storms were common. A build-up of debris and colluvium on the upper slopes during cold periods was transported down slope as debris flows during warm periods of increased precipitation (Mills, 2000b) . Many fans are in hollows and valleys, suggesting a pre-existing depression. Fluvial erosion must have formed a basin, cove, hollow, or valley, by incision, then fill with debris, and subsequently get modified.
Metasandstone debris fans
Metasandstone debris fans (Qd) are mostly derived from rocks of the Cades Sandstone, Walden Creek Group, and Chilhowee Group in the foothills section of the western Blue Ridge. These are small deposits in isolated hollows where there is a source of coarse-grained quartz-rich bedrock. Relative to the highlands, there are not many deposits in the foothills due to the dominance of fine-grained bedrock.
Boulder debris fans
Boulder debris fans (Qdb) are the dominant slope deposit in the Blue Ridge highlands where the bedrock is thick-bedded, massive, coarse-grained metasandstone of the Great Smoky Group (see fig. 2 ). Thunderhead Sandstone is the dominant source, but metasandstone of the Elkmont Sandstone, Anakeesta Formation, and Copperhill Formation also form this unit. Locally, Longarm Quartzite of the Snowbird Group also forms boulder debris. These deposits make extensive, broad, convex-upward fans and aerially extensive sheets which have been modified by erosion. Boulder debris is especially abundant where the Thunderhead Sandstone is massive, thick bedded, and coarse-grained, and forms large outcrop cliffs that face north-northwest.
Individual cliffs are as much as 250 ft (76 m fig. 54) . The fan to the west at Albright Grove supports an old growth forest more than 500 years old. This fan forms the drainage divide of two tributaries for 2 mi ( 3.2 km) ( fig. 55 ), then they diverge at the base of the fan and enter the French Broad River 25 mi (40 km) apart. This suggests a complex history. The boulder debris was deposited in a valley that today is topographically inverted by gully gravure (Mills, 1981) to form a convex upland. There are abundant smaller versions of this type of topographic inversion in other debris deposits throughout the region, with as much as 60 ft (18 m) of relief. Near Cosby, boulders more than 5 ft (1.5 m) across have been transported more than 6 mi (9.7 km) from a bedrock source (Hamilton, 1961) . Debris from Greenbriar Pinnacle was transported northward to rest today in the valley of Webb Creek ( fig. 56) , where fluvial erosion has locally modified the fans to form as terraces.
Perhaps one of the oldest landforms and deposits in the region is the upper level fan of boulder debris (Qdbu) near Cosby ( fig. 57) . These deposits occupy a transitional area between debris fans and alluvial terraces, and they are about 160 ft (49 m) above the modern drainage of Cosby Creek. As described in the section on Old Landforms, there are possibly even higher terraces and fans here and elsewhere in the region that suggests a very old landscape.
Boulder debris fans above carbonate rock (Qdbl) is mapped at the southeast end of Cades Cove ( fig. 58 ) and to the east at Big Spring Cove. These types of deposits may include residuum of carbonate rock in the matrix at depth, as the landforms have been modified by sinkholes. King (1964) described a hole drilled in Big Spring Cove that penetrated 45 feet (14 m) of debris before hitting limestone bedrock.
Metasandstone debris fans above carbonate rock
Metasandstone debris fans above carbonate rock (Qdl) is mapped in Cades Cove, Tuckaleechee Cove, and Wear Cove. Here, fine-grained, thin-bedded metasandstone of the Cades Sandstone is the source of material that forms diamicton above the carbonate bedrock. Excavated pits in Cades Cove have stratified to non-stratified, rounded to subrounded fine-grained metasandstone in fine-grained matrix, suggesting significant alluvial transport ( fig. 59 ). Sinkholes have modified the fans. Some of the fans in Cades Cove have been incised to expose bedrock along the margins, so the deposits there are as little as a meter thick (Southworth and others, 1999) . However, the underlying karst in the central coves may allow a significant amount of material to accumulate, as is seen in similar settings in central Virginia near Elkton (King, 1950) .
In White Oak Sink, metasandstone boulders are less than a meter across. In (King, 1950; Hack, 1979; Whittecar and Duffy, 2000) .
Gneiss debris fans
Gneiss debris fans (Qds) form extensive deposits in North Carolina, from west to 
Periglacial Deposits and Landforms
Periglacial deposits and landforms are in Great Smoky Mountains National Park but they are not portrayed as such on the map. King and Stupka (1950) first suggested that during cold phases of the Pleistocene, ridge crests in the Great Smoky Mountains may have been above the forest limit, in an active periglacial frost-climate environment.
As an example, King (1964) described 10 to 15 feet of "mantle" on bedrock exposed during construction on the Clingmans Dome Road. Rozanski (1943) , Clark (1968) , Michalek (1968) , Richter (1973) , Reheis (1972) , and Torbett and Clark (1985) , Clark and Ciolkosz (1988) , and Clark and others (1989) Mountains have eroded at rates of about 30 m per 1,000,000 years for over 200,000,000 years since the Mesozoic (Matmon and others, 2003a,b) . Unroofing rates during the Paleozoic orogenesis were higher ( >100 m/my) but erosion decreased after crustal faulting about 280 My ago (Naeser and others, 2001 ). This enabled the highlands to survive as an isostatically maintained feature in the present landscape some 300 My later.
Were the mountains as high as the present Rocky Mountains? Probably not-the present overall relief of about 5000 to 4500 ft (1524 to 1372 m) has probably remained the same, much like the roughly 8000 ft (2438 m) of relief from the foothills to the 14,000 ft (4,267 m) peaks of the Rocky Mountains of Colorado.
Age of Deposits and Landforms
Absolute Ages
Debris fans
There are a few radiocarbon dates of organic material recovered from debris deposits and terraces in this area. Davidson (1983) found 6,600 year before present (ybp) charcoal in "Lake of the Woods" in Cades Cove (see fig.27 A) . "Lake of the Woods" is a water-filled depression on a terrace developed on a debris fan (Southworth and others, 1999) . Near Dellwood, NC, Kochel (1990) obtained ten 14 C samples from 5 fans that had ages ranging from 1,000 to 25,000 years, with 16,000 to 18,000 years being the most consistent age. He suggested that the summer polar front retracted several thousand years earlier in North Carolina, so that post-glacial debris flows and fan deposition began around 16,000 years ago. To the north around Shenandoah National Park, VA, about 39 14 C samples from fans, slope, and fluvial deposits show a range of ages from more than 51,000 to 2000 years before present (Eaton and others, 2003a) . Although some may be recycled, the range of ages suggests debris flow activity over at least 25,000 years has recurred, on average, at least every 2500 years since the onset of the Wisconsinan glacial maximum. Whittecar and Duffy (2000) and Eaton and others (2003b) suggest that debris fans around Shenandoah National Park, VA, formed during the late Pleistocene and have since been eroded by Holocene incision.
Some fans in the western Blue Ridge highlands may be hundreds of thousands of years old, and paleomagnetic reversal of iron oxides suggests that a minimum age of 1,000,000 years is likely (Mills and Allison, 1995a and b obtained from the southern advance of the ice sheet at the Ohio River (Mills and Granger, 2002) . Therefore, debris fans are composite landforms that have been forming intermittently throughout the Pleistocene, at least.
Terraces
The study of the Little Tennessee River by Delcourt (1980) identified nine discontinuous terraces as much as 100 feet (30 m) above river level. Consistent 14 C ages from organic remains from the lowest terrace were 15,000 to 7,000 ybp and an average of about 31,000 ybp was obtained from the next highest terrace level. He suggested that these terraces record deposition of destabilized upland surfaces during the transition from cold-phase maxima to interglacial or interstadial conditions. Frost-bound debris provided large sediment loads, remnants of which are preserved in the terraces.
Relative ages of landforms
Landforms that have been incised by modern streams and rivers can be used to calculate a minimum relative age of the landforms by using modern erosion rates of 28 meters per million year (My), that was determined from cosmogenic exposure ages (Matmon and others, 2003a,b) . Possibly the oldest features are the abandoned meander at Camp Prong, a few upper level terraces, and the bedrock knoll within the boulder debris fan near Cosby campground. These elevated landforms suggest incision for about 2.18
My (late Pliocene). Boulder debris fan deposits have been incised for 750,000 years.
The debris fans on Chilhowee Mountain were incised about 214,000 years ago, while the upper level fans have been incised for about 857,000 years. Terraces along the major rivers have been incised for about 1.29 Ma, while the terraces along modern floodplains have been incised for about 429,000 years.
Cenozoic History
Erosion rates of 28 m/My (Matmon and others, 2003a,b) suggest that material removed since the 280 My Alleghanian orogeny has lowered the elevation more than 8.3 km (27,000 ft). A comparatively low volume of sediment deposited in the Gulf of Mexico and Atlantic Ocean 66 to 15 My ago (Poag and Sevon, 1989; Pazzaglia and Brandon, 1996) , suggests that the mountains in the Blue Ridge province were not providing sediment; so they must not have had high relief. In the last 15 My (postMiddle Miocene), a more than 20-fold increase in offshore sedimentation suggests that the mountains were of high relief and actively eroding (Mills, 2000c) . A drop in temperature due to climate change, associated buildup of ice, and increased precipitation contributed to an increase in sediment deposition, but rejuvenation of topographic relief likely was involved. The valleys and hollows were then filled with coarse debris. Extensive colluvium and debris deposits unconformably overlie the residuum and the matrix of the debris is likely derived from similar residuum. Locally, residuum, colluvium, and debris has little relationship to current topography, suggesting that the current landscape is developed on a pre-existing one. The production of colluvium and debris may have began as early as
Oligocene time and culminated in the Pleistocene. Slope material was most likely generated during the cold glacial episodes, and erosion and deposition was during the many interglacial stages of warmer and wetter regimes. The minimum relative ages of some landforms and deposits range from 2.18 My (late Pliocene), to 214,000 years. A debris fan outside of the study area in North Carolina yielded a cosmogenic age of 1.45
My (Mills and Granger, 2002 ) that corresponds to the length of incision on terraces here.
At the end of glaciation about 18,000 to 12,000 years ago, a new and warmer weathering regime began. Sparsely covered slopes were covered by deciduous vegetation, which increased the slope stability (Delcourt and Delcourt, 1985; . Increased temperatures and precipitation resulted in fluvial incision and transport of sediment. Increased discharge of water resulted in the creation of terraces, broad alluvial valleys, and flood plains. Debris fans and lower terraces yield 14 C ages of 16,000-18,000 and 6, 600 to 15,000, respectively, with 31,000 ybp from a higher terrace.
Currently, alluvial flood plains are being incised by rivers and creeks that are eroding into bedrock. In the headwaters, the same drainages are cut into debris fans as Today, the production of colluvium and (or) debris, is much more limited than in the geologic past.
Figure Captions (Hadley and Goldsmith, 1963) . See Hadley and Goldsmith (1963, fig. 45B , p. B109) for a photograph showing an excavation of the same boulder debris deposit (diamicton of large metasandstone boulders supported in a fine matrix) in the town of Gatlinburg. 
